Bimolecular rate constants for the thermal chemical reactions ofmuonium (Mu) with the halogen gases-Mu + X 2 -MuX + X-are reported over the temperature ranges from 500 down to 100, 160, and 200 K for X 2 = F 2 ,CI 2 , and Br 2 , respectively. The Arrhenius plots for both the chlorine and fluorine reactions show positive activation energies Ea over the whole temperature ranges studied, but which decrease to near zero at low temperature, indicative of the dominant role played by quantum tunneling of the ultralight muonium atom. In the case of Mu + F 2 , the bimolecular rate constant k( n is essentially independent of temperature below 150 K, likely the first observation ofWigner threshold tunneling in gas phase (H atom) kinetics. A similar trend is seen in the Mu + Cl 2 reaction. The Br2 data exhibit an apparent negative activation energy [Ea = ( -0.095 ± 0.020) kcal mol-I], constant over the temperature range of -200--400 K, but which decreases at higher temperatures, indicative of a highly attractive potential energy surface. This result is consistent with the energy dependence in the reactive cross section found some years ago in the atomic beam data of Hepburn et al. [J. Chem. Phys. 69, 4311 (1978)]. In comparing the present Mu data with the corresponding H atom kinetic data, it is found that Mu invariably reacts considerably faster than H at all temperatures, but particularly so at low temperatures in the cases ofF2 and C1 2 . The current transition state calculations of Steckler, Garrett, and Truhlar [Hyperfine Interact. 32, 779 (1986)] for Mu + X 2 account reasonably well for the rate constants for F2 and Cl 2 near room temperature, but their calculated value for Mu + Br2 is much too high. Moreover, these calculations seemingly fail to account for the trend in the Mu + F2 and Mu + Cl 2 data toward pronounced quantum tunneling at low temperatures. It is noted that the Mu kinetics provide a crucial test of the accuracy of transition state treatments of tunneling on these early barrier HX 2 potential energy surfaces.
I. INTRODUCTION
It is well-known that the study of kinetic isotope effects for a given potential energy surface (PES) can provide important information about the dynamics of a chemical reaction on that surface. Here the remarkable mass ratio between the muonium (Mu = p, + + e-) and H atom isotopes [m(Mu) -1!9m(H)] can be very sensitive in elucidating the origin of dynamical effects on chemical reactivity.I-14 Both quantum tunneling4-14 and zero-point energy (ZPE) shifts at the transition state (TS)I-3,5,9,IO.13-17 can be much more effectively tested by muonium than by any other hydrogen atom isotope. This has been demonstrated most recently in reports of the thermal reaction rates ofMu with H2 and D 2 ,1-3,6--9 in which the three-dimensional (3D) quantum coupled states (3D QCS) calculations of Schatz 6 • 7 on the chemically accurate Liu-Siegbahn PES for H318.19 gave exemplary agreement with experiment over the whole temperature range studied. 1-3 lations by direct reaction theories. However, unlike the LiuSiegbahn potential for H 3 , there are no similarly accurate ab initio surfaces for HX2.22-25 The study of isotopic mass effects on the reaction kinetics for H + X 2 plays a dual role. In addition to providing a test of reaction theory, the results are also important in helping to better define current semiempirical PES's for this system, which are predominately either of the London-Eyring-Polanyi-Sato (LEPS)26--33 or diatomics-in-molecules (DIM)34-37 variety, and will in tum ultimately improve the accuracy of ab initio calculations. In this endeavor, it is desirable to have as wide a variation in isotopic mass as possible, exemplified by the present study of Mu+X2·
The reactions ofH atoms with the halogen (X 2 ) gases has also received considerable attention over the years, brought into focus in the last decade or so by the development of chemicallasers. 2o . 21 Like H + H 2 , the reactions of H + X 2 are simple abstraction reactions, amenable to calcua) Present address: Physikalisch-Chemisches Institut der Universitat Ziirich, Winterthurerstrasse 190, CH-80S7 Ziirich, Switzerland.
b) 1989-89 Canada Council Killam Research Fellow. Experimental data available to date on rate constants for the gas phase thermal reactions Mu + F 2 -MuF + F, Mu + Cl 2 -MuCI + CI, (Rt) (R2) (R3) were obtained during the early stages of operation of the TRIUMF cyclotron by Gamer, Fleming, Due to poor beam intensity at the time, these data are sparse, reported only for room temperature and above, and are characterized by relatively poor statistics. Reactions (Rl)40 and (R2)39 have been reported at a few temperatures between 295 and 385 K, while there has been only one measurement of reaction (R3) reported, at 295 K,38 which has the distinction of being the first study of muonium reactivity in a low density gas (taken at the now defunct 184" cyclotron at Berkeley 01.48 and Clyne and co_workers. 49 . 5o As with reaction (R3), there has only been one direct room temperature measurement of reaction (R6) reported, by Jaffee and Clyne. 50 This agrees though with the indirect value reported by Malins and Setser 42 relative to the measured value for reaction (R5).
Despite the relatively poor quality of the data reported by us earlier for reactions (Rl)-(R3), they have been of considerable importance in comparisons with theoretical calculations of HX 2 reaction dynamics. The data for Mu + F2 in particular were crucial in assessing the reliability of the early ID quantum mechanical (ID QM) calculations of Connor and co-workers ll • 12 using a LEPS surface from the work of Jonathan et 01.28 Notable in these calculations was the good agreement obtained with the experimental Arrhenius activation energy for reaction (Rl), which was almost a factor of 2 lower than that of its isotopic analog (R4). This was recognized at the time as being due to the importance of quantum tunneling in the case of Mu + F 2 , even at temperatures above room temperature. Since then there have been additional PES's developed for HX225-27.31.34-37 as well as new theoretical calculations for H atom reaction kinetics on these surfaces. Several transition state theory (TST) 10.13.14.53 and quasiclassical trajectory (QCT) calculations s3 -s7 have been reported. In particular, the recent variational transition state theory (VTST) calculations of Steckler, Garrett, and Truhlar l3 . 14 have utilized tunneling paths like those employed in similar calculations for Mu + H 2 (D 2 ),6-9 which proved to be quite accurate in comparison with the experimental data 1.3 and with the "exact" 3D QMCS results ofSchatz. 6 . 7 All of these calculations demonstrate the inherent importance ofMu reactivity to developing an understanding of the topography of the PES and of the reaction dynamics for HX 2 .
Accordingly, in order to provide a more complete data base for comparison between experiment and theory, we report herein new measurements of reactions (Rl )-(R3) over the temperature range from -500 K to well below room temperature, down to 100 K in the case ofF 2 , complementing the earlier studies cited above. As in Ref. 1, our aim is to increase the range of experimental data to facilitate comparisons with available H atom data and with current theoretical calculations ofMu (H) atom reaction dynamics on the halogens. In particular, the tunneling paths used in the calculation oftransmission coefficients in TST6-9·13.14 will be much more effectively tested by the current study of Mu + X 2 down to low temperatures than was the case for Mu + H 2 , since the HX 2 surfaces have early barriers and hence tunneling is expected to dominate Mu reactivity.
II. EXPERIMENTAL
These experiments were conducted on the M20B and M 15 "surface" muon channels at the TRIUMF cyclotron, a meson facility adjacent to the campus of the University of British Columbia. The details of the muon spin-rotation (,uSR) experimental technique employed, particularly as applied to the study of muonium chemistry in gases, has been well described elsewhere5.41.58-60 and will only briefly be mentioned here. A beam of spin-polarized positive muons (,u +) is stopped in the target of interest (in these experiments, -1 atm Ar or N2 with appropriate amounts ofX 2 ). The target vessel is positioned between Helmholtz coils which provide a magnetic field transverse to the muon spin direction, causing the muon to precess with a characteristic Larmor frequency. The muon undergoes radioactive decay with a mean life of 2.2 ,us, producing a high energy positron that is ejected anisotropically, preferentially along the muon spin direction. The time evolution of the muon ensemble spin polarization appears as oscillations in the time differential histogram of the number of the decay positrons detected in a fixed direction, measured as a function of the survival time of the corresponding muons. In these experiments, two independent positron telescopes were employed, positioned on opposite sides of the target.
In an applied magnetic field ofless than 10 G, the spin precession frequency of the muon in the paramagnetic Mu atom is 1.3 MHzG-I, which is 103 times the precession frequency of a muon in a diamagnetic environment, such as a MuX molecule. Hence, the coherent precession of an ensemble of paramagnetic Mu atoms is exponentially dafnped as chemical reactions (Mu + X 2 ) place the muon into a diamagnetic environment (MuX) at randomly distributed times. 41 . 61 In the present experiments, a magnetic field of7. 2 G was employed. The relaxation rate (A.) of the muonium precession signal is linearly related to the bimolecular rate constant k (1) where ..1(0) is a background relaxation measured in the absence of reagent (X 2 ). It should be noted that the ,uSR tech-nique demands that there be only one muonium atom in the target at a time, leaving the system free of many problems that can plague similar studies of H atom kinetics.42.43.51.52 Also see discussions in 46 and 48. Measurements have been carried out in different target vessels (reactors) designed to operate over the wide temperature range of the experiment. In order to obtain the low temperature data, a triple walled aluminum vessel was employed. The outermost jacket of this vessel was continuously evacuated during the experiments, while the innermost compartment contained the reaction mixture. Air, cooled or warmed to the appropriate temperature by a heat exchanger, was blown through the intermediate jacket. By this technique, temperatures both above and below room temperature could be maintained. However, at temperatures beyond about 400 K, we discovered that both F2 and Cl 2 reacted with the Al walls of the target vessel, necessitating the use of a target of different design. We initially made use of the same stainless steel (SS) target vessel that is described in Ref. 1, but again discovered that the halogens became chemically reactive at temperatures even as low as 330 K. No amount of "passivation" seemed to help; indeed, we found that stainless steel seems to have an insatiable appetite for F2 at temperatures >350 K. This unexpected development mandated a long search for a suitably inert material. In the end, we constructed a cylindrical 16 t' nickel-plated copper target vessel for measurements from room temperature to 500 K, which proved to be chemically unreactive to all the halogens (including 1 2 ) up to 550 K. These temperatures were obtained by the use of heating tapes, wrapped on the outside surface of the vessel and thermally insulated. The temperature of the gas mixture was constantly monitored by either chromel-constantan (low temperature range) or iron-constantan (room temperature and above) thermocouples. Temperature gradients over the muons' stopping distribution were measured off-line to be typically 2 ·C or better at all temperatures, as duly recorded in Table I below.
In both the Al and the Ni-plated copper vessel, the low energy surface muon beam was admitted through thin (0.005 in) Kapton windows. The window design for the stainless steel vessel was considerably more complicated and is described in Ref. 1.
The reagent gases, obtained from Canadian Liquid Air, had the following purity specifications: F 2 , 99.8%; C1 2 , 99.8%; N 2 , 99.999%; Ar, 99.999%; and were used without further purification. Liquid Br2 was obtained from BDH and was subjected to a series of freeze-pump-thaw cycles in order to remove any dissolved O 2 , since it is known that this can cau~e relaxation of the J-lSR signal via electron spin exchange. 62
In a typical experiment at the higher temperatures, the target vessel was passivated for about 20 min. with about the same (or greater) concentration ofX 2 as required in the run to follow. A measured amount of halogen gas was added to the reactor by first filling a smaller vessel of known "standard" volume (SV = 0.104 t) to a desired pressure, as measured by a capacitance manometer, and then flushing this into the previously evacuated target with moderator gas. The same procedure was followed at the low temperatures as 5. well, although the passivation time was generally shorter. A total pressure of 800 Torr (N 2 ) was used at room temperature and below, whereas the pressure was increased to maintain a density equal to 800 Torr at 298 K in the experiments performed at higher temperatures. While N2 was used predominantly as a moderator in these experiments, because it gives a large amplitude for Mu precession,58.59 for a few runs argon was also used to check for any moderator dependence. 40 None was found.
In the experiments performed at room temperature and above, the concentration of the X 2 in the gas mixtures was determined by collecting a sample in an evacuated flask, drawing in an excess of potassium iodide solution and titrating the 12 with thiosulphate, using starch as an indicator. 63 This procedure was used as well in a long and tedious series of off-line tests to determine the limits of chemical reactivity of the halogens with metal target vessels, culminating in our choice of the nickel-plated copper vessel described above. In general, the concentrations determined from the titrations agreed well with those calculated from the pressure measurements. No titrations were carried out in the experiments below room temperature. Measurements of , 1, (0) were made in pure N2 or Ar at each temperature or during the time taken to change from one temperature to the next. At least three reactant concentrations plUSA(O) were used to obtain a plotofA vs [X 2 ] at a given temperature, such as is shown in Fig. 1 for Mu + Cl 2 at 171 K. The straight line isa least-squares fit ofEq. (1) to the data, the slope of which yields the thermal bimolecular rate constant of interest.
III. RESULTS
The rate constants for reactions (Rl )-(R3) measured at various temperatures are reported in Table I . Each repre- sents a simultaneous fit to Eq. (1) of the relaxation rates from two independent histograms of muon decay events recorded for varying concentrations of the reactant gas. The temperature uncertainties are the measured variations, while the (10") uncertainties in the rate constants arise primarily from counting statistics, via uncertainties in the fitted values for relaxation rates from the data histograms. Although these results were obtained in several runs at the TRIUMF cyclotron spanning a period of three years, the level of systematic error is estimated to be at worst 10% by comparing the results for Mu + el 2 at room temperature, obtained in three different target vessels. Similar measurements for both Mu + Br2 and Mu + F2 are in much better agreement.
The data for Mu + X 2 in Table I The present data for F2 agree well with these earlier results. In that study,40 an activation energy Ea = (0.9 ± 0.2) kcal mol-I was reported, in good agreement with the present value of Ea = (0.75 ± 0.08) kcal mol-I, obtained over the wider range of -250-500 K. The present data for reaction (R 1) in Fig. 2 were obtained at a room temperature equivalent of 800 Torr (N 2) pressure. Measurements at 380 Torr at 126 K gave no significant change in rate constant (Table I) , as expected for a simple abstraction reaction.
The data shown in Fig. 2 for the Mu + el 2 reaction (R2) do not extend to as low temperatures as is the case for F 2 , due to the lower el 2 vapor pressure, At higher temperatures, the present data agree with our previously published results,5.39 although less satisfactorily than for the F2 reaction. The earlier el 2 data appear to have a greater slope over the temperature range 300-420 K, giving a reported activationenergyofE a (Mu) = (1.4 ± 0.2) kcal mol-I, while the present data give only half this value Ea (Mu) = (0.64 ± 0.05) kcal mol-I, the same within errors as observed for reaction (R 1). However, this discrepancy is predicated largely on the highest temperature (420 K) point of the earlier data, all of which, it is noted, were obtained during the initial stages of operation of the TRIUMF cyclotron and are characterized by much larger uncertainties. Nevertheless, this difference caused us considerable concern since we had discovered during the course of the experiments that the Cl 2 results at temperatures ;;;.350 K were much less reproducible than the F2 ones, for reasons that were never clear. We can only attribute inconsistency with the earlier data 39 for reaction (R2), particularly that for the 420 K point, to systematic error of unknown origin. Indeed, if this point is discarded, the comparison between the old and new data in Fig. 2 is quite acceptable.
The Arrhenius plot for Mu + Br2 extends down to only 200 K, limited even more in this case by the relatively low Br 2 vapor pressure. The Br 2 data in Fig. 2 were reproducible over two data taking periods, with three additional points ( Table I ) taken in the nickel-plated target vessel in a third period. However, the present room temperature values are about 40% higher than an earlier point (not plotted), taken almost 15 years ago at Berkeley. 38 This difference is probably explained by the consistency achieved in the concentrations in the present experiments. Indeed the earlier work used the vapor pressure of bromine above the liquid at a measured temperature to determine the reactant concentration-a method subject to errors both in the accuracy of the temperature measurement and the accuracy of the vapor pressure tables. 65
IV. THEORETICAL BACKGROUND
In contrast to the Mu + H2 reaction,I,2,6,7 there are no similarly accurate 30 QM calculations for reaction rates of Mu (or H) with the halogens, although over the years, Connor and co_workers ll ,12,53-57 have done 10 QM and QCT studies of both the activation energies and kinetic isotope effects (kMu/k H ), particularly comparing reactions (Rl) and (R4), Their early ID calcuiations ll ,I2 were in fact an important motivation for our first experimental studies of these reactions at the TRIUMF cyclotron,5,38-40 There have also been 10-30 distorted-wave Born approximation (OWBA) information theory results 66 and 10 quantum Franck-Condon calculations 67 carried out on these reaction systems, but addressing the vibrational populations in the MuX (and HX) products. Like HX, 29, 30, 42, 68 ,69 the MuX vibrational distributions could in principle be seen by chemiluminescence experiments; however, there are as yet no such data. It is interesting to note, though, that the calculations provide a dramatic example of the "light atom anomaly, .. 29 in which the quantum number of the most populated final vibrational state is considerably reduced in the MuX product relative to the HX one.
The most recent calculations of the thermal rate constants for the reaction of both Hand Mu atoms with the halogens are the 30 VTST calculations of Steckler, Garrett, and Truhlar. 13 , 14 In TST, the kinetic isotope effect (KIE) of interest here may be written 3 ,5,17 as e IVI 109 surface,9,70-74 both effects manifest in the transmission coefficient K. In VTST, the position of the barrier is varied to minimize the latter effect, which is relatively insignificant on an early barrier surface anyway. The most important aspect of the transmission coefficient for H atom reactions on the halogens is thus quantum tunneling. In general, KMu/KH ;>1 only for a very early barrier since translational energy will be much more effective than vibrational energy in promoting reaction; in this case the reduced mass of the system is essentially just that of the incident atom. Since m(Mu)/ m(H) = 1/9, Mu reaction kinetics are much more sensitive to tunneling than are H atom kinetics.
The VTST calculations of Steckler et al. are "improved canonical variational theory" (ICVT) calculations 70 on a variety of LEPS-type surfaces. 26 ,28-3I,34 Several tunneling paths have been utilized in these calculations to account for the transmission coefficient K 9 ,13,14,70-73 including the Least Action Ground-state (LAG) path that rather successfully acounted for the Mu + H2 data referred to earlier. I ,2,7,9 In the LAG treatment, the (10) path that gives the least amount of wave function damping (the most tunneling) is chosen as the optimum tunneling path. Other tunneling paths are approximations to this more exact LAG path; the minimum energy path semiclassical adiabatic ground state (MEPSAG) and the small curvature semiclassical adiabatic ground state (SCSAG) paths, in the notation ofTruhlar and co-workers. The MEPSAG is the simplest method and assumes that all tunneling occurs along the MEP (the path of steepest descent). Since this is generally the longest path, it gives the least amount of tunneling (the most damping). The SCSAG method accounts for reaction path curvature, but is expected to be most accurate for reactions where the path curvature is small. These approximations have recently been discussed in a theoretical study of the H(D) + HBr exchange reaction. 73
In 
where (E *) is the average energy of those molecules which actually lead to reaction, whereas (E) is the average energy of all molecules (3/2 kB T for translations). Classically, (E *) increases with temperature faster than (E), leading to a slight increase in Ea with increasing temperature, an effect which is relatively insensitive to changes in isotopic mass (see, e.g., Table III below and Refs. 11, 12, [53] [54] [55] [56] [57] . In contrast, in the case of quantum tunneling, (E *) is reduced, particularly at low temperatures for light mass isotopes (such as Mu), leading to both an isotopic (Tables II, IV , and VI) and temperature-dependent decrease in activation energy. Thus, either classical or quantum effects may be manifest in curvature in the corresponding Arrhenius plot if a wide enough temperature range has been covered. 10.12,17,53,75 v. DISCUSSION
The data presented here represent a significant extension not only of the experimental results for the reactions of muonium with the halogens obtained in the mid-70's, but also an important extension of the body of data for thermal reactions of all hydrogen isotopes with the halogens. Before discussing each M u ( H) + X 2 reaction in some detail, it is of interest to first examine both the Hand Mu data briefly in order to point out the trends observed. Table II (2)] has been factored out in defining K Mu IKH' which is then a measure of some "dyamical effect" of isotopic substitution on HX 2 kinetics.
The comparisons given in Table II present a considerable challenge to theory for reactions (Rl )-(R6). Note first that, although the reaction with F2 is the most exothermic, it is nevertheless the slowest for both Mu and H, having correspondingly the highest barrier (V t ) and activation energy (Ea). This anomalous behavior, contravening the Ogg-Polanyi (Mok-Polanyi) (R4) and (R2)/(R5). For Mu(H) + F 2 , even at the high temperatures, Ea (Mu) is only a third of Ea (H), while it is half of this for Mu + C1 2 . The Mu activation energies become progressively less at lower temperatures, approaching zero at the lowest temperatures measured (see Fig. 2 ). In contrast, the H atom activation energies are independent of temperature (see Figs. 3 and 4 ). These observations demonstrate the important role that quantum tunneling is playing in both the Mu + F2 and Mu + Cl 2 reactions. In marked contrast to the behavior seen for F2 and C1 2 , the data for Mu + Br2 [reaction (R3)] exhibittheoppositetemperature dependence (Fig. 2) , indicating a zero potential energy barrier; tunneling must be of little or no consequence here, despite the relatively large room temperature value for K Mu IKH in Table II . The pronounced curvature seen in the Arrhenius plot for the reaction ofMu with F2 down to 100 K'in Fig. 2 (and indicated also for Cl 2 below 160 K), where the rate constant k Mu (n appears to be independent of temperature, is likely the most dramatic ever reported for an (H atom) reaction in the gas phase and is strongly indicative of the presence of Wigner threshold tunneling 78 in these reactions. According to the Wigner threshold law, the excitation function 
where J-L is the translational reduced mass. Taking t from the PES given in Ref. 13, Tneed only be smaller than 500 K for Mu + F 2 , a condition easily met by the experiment. It can be remarked that for H + F 2 , the same condition is obtained only at temperatures well below 50 K, far below the range of available data (Fig. 3) . (Tables III and V) and hence the ratio of transmission coefficients KMu/KH are> 1 at the lowest temperatures (Table II). In both F2 and C1 2 , the ICVT calculations of Steckler et al.13, 14 fail to account for the trend in the Mu data at the higher temperatures, although (perhaps fortuitously) good agreement is obtained at selected temperatures near 250 K. These calculations also overestimate the H atom data of Homann et al. (Fig. 3) and Wagner et al. (Fig. 4) , but curiously the ICVT calculations agree rather well with the data of Albright et al. for both F2 and C1 2 , over the whole temperature range (Figs. 3 and 4) . (Table III) , which may be taken as some confirmation of the dominance of collinear reaction dynamics in Mu(H) + F 2 .
In both cases, however, the calculated ratio is too low; the theoretical rate constants appear to underpredict the amount of tunneling seen in the Mu data. This can also be seen from a comparison of the 10 activation energies in Ta Fig. 4 , this paper. C From 298 K value, Table II .
d From Arrhenius fit to data in Fig. 2 .
• Weighted average of results from Table I . fExtrapolated from fit to data in Fig. 2. ble IV: the calculated value for Ea (Mu) at 300 K is significantly higher than the experimental number. On the other hand, these calculations do reproduce the trend seen in the differences in activation energies for Mu + F2 and H + F 2 .
It can also be noted that the t D calculated value for Ea (Mu) approaches that for Ea (H) at 900 K, as expected classically [Eq. (3)], and seen also in QCT calculations comparing reactions (Rt) and (R4).53-55
The ICVT calculations for Mu + Cl 2 on the DKPPS30
(plotted) and CJMW 26 surfaces, compared in Table V , agree well with each other and with the. data at temperatures of approximately 250 K (Fig. 4) , but overestimate the data at the higher temperatures, in this case by about a factor of 3.
Similarly, as shown in Fig. 4 , the ICVT calculations for k H are also higher than the recommended experimental results of Wagner et al. 48 and Bemand and Clyne 49 (but, curiously again, agree very well with the data of Albright et al. 47 ). In contrast to theF 2 case, though, the calculated KIEs for Cl 2 in Table V are in good agreement with the data. The QCT calculations for H + Cl 2 by Connor et al. 57 on the CJMW surface (dot-dashed line in Fig. 4) give essentially the same slope as the ICVT ones of Steckler et al., but actually agree better with the magnitude of the experimental rate constants of Wagner et al. 48 near room temperature. Although there is clear disagreement between the ICVT theory and the experimental values of k Mu and kH for both F2 and Cl 2 at most temperatures, the relative trend to higher rate constants for Mu(H) + Cl 2 compared to F2 is well reproduced by these calculations, reflecting the fact that the potential barrier is higher for HF2 than for HCl 2 (Table II) . A higher barrier for F2 is also predicted by ab initio calculations, which tend, however, to give barrier heights that are much too high. 13,14,23,24 Table VI Despite the level of agreement, or lack thereof, between experiment and the ICVT calculations of Steckler et al., 13, 14 or the ID QM ones of Connor et al., the real test of these calculations will lie in their ability to account for the muonium data below 200 K. The experimental Arrhenius plots (Fig. 2) deviate strongly from Arrhenius behavior; the high temperature activation energies are reduced by factors of 4 (CI 2 ) to 5 (F 2 ) below 200 K. Unfortunately, theory has not (yet) been extended to these lower temperatures. The present ICVT calculations, particularly for Mu + F2 (Fig. 3) , do exhibit some curvature at the lower temperatures, but indications are from the trend in the theory (e.g., ifthe barrier height were increased slightly) that the calculations would severely underpredict the amount of tunneling seen in was quite successful for the Mu + H2 reaction,I.6-9 tunneling paths in TST are much more stringently tested by the present study on early barrier HX 2 surfaces. The suggestion that the surfaces themselves may be at fault, despite their early success in explaining chemiluminescent data for the corresponding H atom reactions,29.30.68 receives some support from the fact that the (exact) ID QM calculations of Connor et al. for Mu + F2 in Table IV also failed to account for the isotope effect. A thinner and somewhat higher barrier for reactions (R 1) and (R2) would have the effect of reducing k Mu at higher temperatures, where tunneling is relatively unimportant, possibly enhancing it at lower temperatures, and also lowering the value for k H for reactions (R4) and (R5); improving the agreement with experiment in each case. The ICVT calculations 13.14 must clearly be extended to temperatures well below 200 K in order to critically examine these statements.
The ratio of the Mu and H experimental activation energies for F2 at high temperatures is Ea (H)/Ea (Mu) z3, compared with z2 for C1 2 at the same temperatures (Tables  II and VI) , suggesting that quantum tunneling is more pronounced in Mu + F2 than in Mu + C1 2 . This is not a surprising result since the classical barrier for F2 is higher (Table  II) , revealed by the difference in experimental H atom activation energies for reactions (R4) and (R5), and seen also in abstraction reactions by OH from the halogens. 81 The expectation that there should be relatively more tunneling in Mu + F2 than in Mu + Cl 2 is reflected also in the trends seen in the ICVT calculations of Steckler et al. 13 • 14 in Table  VII , where the experimental and theoretical ratios of transmission coefficients at room temperature are compared. The theoretical K'S come from a comparison of the ICVT calculations with (SCSAG path) and without tunneling from Table  I in Ref. 13 . From the calculated ratio K Mu / K H in Table VII , there is a factor of2 more tunneling expected for F2 than C1 2 , which is certainly in the right direction, but in poor agreement with the experimental difference of almost a factor of five: KMu/KH = 5.7 for F 2 , but only 1.4 for C1 2 . One might expect though, in view of their considerable difference in barrier heights, to see Ea (Mu) significantly greater for F2 than C1 2 , as in the corresponding H atom experiments. Differences in tunneling must account for the similarity in Ea (Mu) for Cl 2 and for F 2 , which are the same within errors over the whole temperature range studied (Table VI) , a result that is accounted for by the ICVT calculations.
B. Experiment and theory: Mu(H)+Br2
In striking contrast to both the Mu + F2 and Mu + Cl 2 reactions, the reaction rate of Mu with Br2 (R3) decreases with increasing temperature (Fig. 2) , giving the apparent negative activation energy quoted earlier [Ea ( It is important to note that early atomic beam studies 82 of reaction (R6) also found this same trend: a decrease in reactive cross section with increasing energy in the range 0.8-8 kcal mol-I. These results and the present Mu data indicate a PES dominated by a long-range attractive potential, as typified, e.g., by radical-radical 80 or ion-molecule reactions,79.80 where cross sections are known to decrease with increasing translational energy. However, this would lead one to expect very large cross sections, _100;"2 at thermal energies, leading to an expected collision controlled rate constant for Mu(H) + Br2 of order 6x 10-9 cm-3 S-I at 295 K, an order of magnitude greater than the observed value for Mu. The observed muonium rate constant is seven times higher than the only direct measurement of the H + Br2 rate at 295 K 50 indicative of some dynamical mass effect enhancing the Mu reaction rate by about a factor of 2. This is an even greater enhancement than that seen for C1 2 , although the large error in the value of k H for reaction (R6) must be kept in mind. The origin of the enhancement for k Mu in Mu + Br2 is not at all clear; quantum tunneling should be negligible in this reaction and the corresponding ratio k H / k D from the data of Jaffee and Clyne 50 is just the classically expected result 1.5. Garrett et al.14 with the experimental data in (Fig. 4) .
The discrepancy between theory and experiment in both the Hand Mu kinetic data suggests that either there is a pronounced "steric effect," or that a long-lived MuBr 2 complex is formed. In the first instance, since the lighter Mu atom has a shorter interaction time than H, it may be more sensitive to specific orientations of a quickly rotating Br2 molecule. In the latter case, if a complex is indeed formed, it is interesting to speculate that the present results may represent the first experimental evidence of the formation of a BrMu-Br bond, which could have several vibrationally bound states. 84 If so, it may live long enough to give rise to the observed negative temperature dependence seen in the data. Here the mechanism for spin relaxation may be more complex, involving intramolecular couplings in the muonated radical formed. 85 The formation of such a long-lived complex would also indicate a different HBr 2 bend potential than found in the (19M) PES of Blais and Truhlar, possibly explaining the aforementioned inconsistency between k H in the QCT 31 and ICVT I4 calculations. Another explanation for the observation of reduced rate constants with increasing temperature might be reflection off the repulsive wall, particularly on a zero barrier surface, thereby reducing the reactive cross section at higher energies. This has been found in QCT calculations for Mu + F2 at higher translational energies. 55 On the other hand, one would presumably expect this effect to give rise to Mu cross sections even smaller than those for H atom scattering, contrary to observations from the corresponding rate constants.
VI. CONCLUSIONS
There are two principal observations to be drawn from this work. Although exhibiting positive activation energies, the Arrhenius plots for both the Mu + Cl 2 and Mu + F2 reactions demonstrate that they are dominated by quantum tunneling at low temperatures, an effect not seen in either of the corresponding H atom reactions (Figs. 2-4 ). In contrast, the thermal rate constants for the Mu + Br2 reaction increase slightly with decreasing temperature, giving rise to an apparent negative activation energy
[Ea = ( -0.09 ± 0.02) kcal mol-I].
In comparing the KIEs for Mu(H) + X 2 reaction kinetics, the ratios of transmission coefficients KMu/K H , which reflect "dynamical" mass effects, are invariably greater than 1, even at room temperature. In the case ofF 2 and C1 2 , KMu / K H increases dramatically with decreasing temperature, particularly for F 2 , reflecting the pronounced quantum tunneling seen only in the Mu reaction. Concomitantly, the activation energies for Mu + F 2 (CI 2 ) are considerably smaller than those for the corresponding H atom reactions at all temperatures, with Ea (Mu) approaching zero for Mu + F2 at temperatures -100 K, indicating the prevalence of Wigner threshold tunneling. 78 Neither the early 1D QM calculations of Connor and co-workers (Table IV) (Tables III and  V) , in which a small curvature approximation to the tunneling path (SCSAG) is utilized,13,14,73 are able to account for either the Mu or H atom data on F2 or Cl 2 over the range of temperatures studied. Unfortunately, the ICVT calculations have not (yet) been extended below 200 K, where Mu exhibits pronounced quantum tunneling. Extrapolations of present theoretical rate constants fall considerably below the experimental values (Figs. 3 and 4) , indicating that either the topography ofthe HF2 and HCl 2 PES are incorrect, particularly in the region ofthe barrier, or the (SCSAG) tunneling path in the TST calculations is inaccurate for these reactions, or both. It would also be of interest to extend the earlier 1D QM calculations of Connor and co-workersll.12.53 for Mu(H) + F2 down to these lower temperatures in order to further assess the dominant role being played by quantum tunneling.
In the case of the Mu(H) + Br2 reaction, even at room temperature the ratio of transmission coefficients (KMu/KH ) indicates a dynamical mass effect favoring Mu reactivity by more than a factor of2. The origin of this enhancement is not at all clear. Unlike the situation in F2 or C1 2 , the negative activation energy for Mu + Br2 indicates a zero potential barrier, consistent with early atomic beam data,82 and with the PES used to calculate both the Hand Mu + Br2 rate constants. 14 As such, quantum tunneling should be negligible. It may be that Mu is more sensitive to specific orientations of the noncollinear H(Mu)Br 2 surface, resulting in a favorable steric effect for Mu reactivity, but one which nevertheless reduces the rate constant considerably from the expected collision controlled limit. Alternatively, a relatively long-lived MuBr 2 complex may form, perhaps sustaining some vibrationally bound states. 84
In the near future, the Mu + 12 reaction will be studied, In the cases of both Mu + Br2 and 1 2 , it will be important to check for any pressure dependence to the observed rate constants, particularly at the highest temperatures.
